Coupling of light into multi-core fibers (MCF) for spatially resolved spectroscopy is of great importance to astronomical instrumentation. To achieve high coupling efficiencies along with fill-fractions close to unity, micro-optical elements are required to concentrate the incoming light to the individual cores of the MCF. In this paper we demonstrate facet-attached lens arrays (LA) fabricated by two-photon polymerization. The LA provide close to 100% fillfraction along with efficiencies of up to 73% (down to 1.4 dB loss) for coupling of light from free space into an MCF core. We show the viability of the concept for astrophotonic applications by integrating an MCF-LA assembly in an adaptive-optics test bed and by assessing its performance as a tip/tilt sensor.
Introduction
Optimizing free-space coupling efficiency of light into fibers for spectroscopy is highly important in astronomy due to the low light levels involved. To achieve the required alignment accuracy, the system needs to be very stable. However, this is challenging, as large telescopes are constantly exposed to changing temperatures and gravity vectors. Conventionally, larger multimode fibers are used, relaxing these constraints somewhat. However, with spectrographs aiming for greater precision than ever before, instruments using smaller single-mode fibers (SMF) have been proposed [1, 2] . This allows the spectrographs to be reduced in size, and make use of single-mode devices such as fiber Bragg gratings (FBG) for suppression of hydroxyl emission lines [3, 4] . Further, a SMF mitigates the problem of modal noise [2, 5] .
Due to diffraction effects from the telescope aperture, a theoretical maximum of 80% of the incoming light can be coupled into an SMF [6] . However coupling to a SMF is particularly susceptible to the effect of optical turbulence in the atmosphere, which degrades the beam quality and reduces the coupling efficiency to unacceptable levels. To improve this coupling into the fiber, adaptive optics (AO) systems [7] can be used. Further increases in coupling can be achieved using techniques such as point spread function (PSF) apodisation, jitter control [8] , linear quadratic Gaussian control (LQG) and feed-forward systems [7] .
Together, all of these techniques show that coupling into SM fibers could be viable in future instrumentation. Experiments using turbulence simulators reach 65% [8] coupling, and on-sky experiments show (10…25)% [2] . However, this is still below the optimal coupling, due to remaining residual aberrations and structural vibrations, mainly in the form of tip/tilt [9] .
Ideally, any system would sense tip/tilt at the coupling point where the fiber feeds the spectrograph, and would not consume any light that could be fed to the spectrograph. This demand can be realized by highly integrated integral field unit (IFU) devices. An IFU has many spatial pixels (spaxels) sampling the focal plane of the telescope. When connected to a spectrograph, both spatial position and wavelength can be resolved. To use an IFU as a tip/tilt sensor, light from a central spaxel is coupled into the science spectrograph, while adjacent spaxels are used to monitor the position of the beam. Fiber-based IFUs stand out due to their compactness and flexibility. They can be realized with fiber bundles [10] , hexabundles [11] , or multi-core fibers. The achievable performance, however, is inherently limited by a trade-off of fill-fraction versus cross talk between the fibers.
In this paper we show that the aforementioned challenges can be overcome by lens arrays (LA) that are directly attached to the facet of an MCF. The LA are fabricated in situ by direct-write two-photon lithography with sub-µm precision. We demonstrate fill-fractions of close to 100% along with efficiencies of up to 73% (1.4 dB loss) for coupling of light from free space into a single-mode MCF core. We show that this IFU-style device can be used as a tip/tilt sensor for measuring the beam displacement at the facet of a single-mode MCF. The surrounding fiber cores supply a feedback signal for correction of residual tip/tilt movement in the system. We demonstrate the viability of our MCF-LA in an adaptive optics simulator. To the best of our knowledge, this is the first demonstration of MCFs with lenses attached to individual fiber cores.
Concept, Design, and Fabrication
The concept of the facet-attached LA is illustrated in Fig. 1(a) . It comprises seven 3D freeform lenses fabricated with sub-µm precision on the facet of a seven-core single-mode MCF. The assembly aims at maximizing coupling efficiency of the main signal into the center core, whereas the surrounding cores are used to capture error signals for tip/tilt control. For better illustration of main path and error signal, the lens array and part of the fiber are cut away in the illustration. The Inset shows the simulated coupling efficiency to the center core and one adjacent core as a function of radial offset from the center assuming a Gaussian beam with a waist of 26 µm in diameter on the top surface of the lenses. Figure 1(b) shows the 3D topography of the lens array measured with a white-light interferometer. An electron microscope image of a fabricated LA is shown in Fig. 1(c) . The concept builds upon earlier experiments where we used direct-write two-photon lithography to realize facet-attached lenses for improved fiber-chip coupling [12] .
Simulation and Design
The tip/tilt sensor was simulated with the physical-optics module of the commercially available software Zemax [13] . We used a commercially available seven-core fiber [14] with a 1/e 2 -intensity mode-field diameter (MFD) of 0 6. µm 2 1 w = . The data sheet specified a numerical aperture of 0.22 at a wavelength of 1550 nm, derived from the beam divergence at the 1/10 2 = 1 % intensity level. The numerical aperture for a Gaussian beam at the 1/e 2 -intensity level would be A N0 = 2λ/(2πw 0 ) = 0.16. The core spacing is 35 µm, and the fiber diameter is 125 µm, see Fig. 1(a) . This means that cross coupling between the cores can be neglected. The lens surfaces were modelled by even polynomials with coefficients up to the sixth order. We optimized the coefficients of the polynomials for maximum coupling of a beam with a 26 µm Gaussian waist at the surface of a single freeform lens into the fiber core. The diameter of the simulated lens was chosen to be 40 µm such that there is a 5 µm overlap between adjacent lenses to achieve a 100% fill-fraction. The height of the lenses was designed to be 115 µm. The highest simulated coupling efficiency excluding reflection was 98.5%. We found that 1% loss can be attributed to clipping of the beam, while 0.5% loss is due to a residual mode-field mismatch. We simulated the coupling efficiency of a single lens with respect to a transverse misalignment of the Gaussian waist, see inset Fig. 1(a) . The 1 dB (79%) tolerance is ± 7.2 µm, assuming a freeform lens with a 35 µm diameter. We additionally simulate the light coupled into an adjacent fiber core. This signal can be considered a feedback-signal that is fed into an adaptive optics system. With a 1 dB position tolerance (79%) of the center core, the error signal is found to be at 1.6% of the maximum coupling efficiency. 
Fabrication by 3D printing
We used two-photon polymerization of the commercial resist IP-Dip [15] for in situ printing of the freeform lenses on the facet of a cleaved MCF. The structures were defined by a commercial device (Nanoscribe Photonic ProfessionalGT) with proprietary software for high-precision alignment and writing with high shape fidelity. The system was equipped with a scanning mirror and a piezo actuator. We exposed the structure by line-scanning with a 100 nm spacing of adjacent exposure lines. The lens array shown in Fig. 1(a) was fabricated in a single block.
Alignment of the individual lenses with respect to the cores was done using machine vision and confocal scanning. A scanning electron microscopy image (SEM) of a fabricated lens array is shown in Fig. 1(b) . A vertically-scanned white-light interferometry image (VSI) is shown in Fig. 1(c) . The height of the lenses was measured from the facet of the SMF. All lenses are within ± 500 nm of the designed height of 115 µm, well within acceptable tolerances.
Characterization and measurement of coupling efficiency
To evaluate the performance of the MCF-LA, the coupling efficiency from a free-space Gaussian beam to the central core was measured. The measurement was performed using a fiber-attached beam expander (Thorlabs TC25FC-1550, MFD = 4.65 mm) with a diffractionlimited focusing lens (Thorlabs AL2550H, f = 50 mm) to produce a Gaussian waist diameter of 21 µm, which is slightly smaller than the 26 µm MFD the lenses were designed for. Note that we did not use an iris diaphragm which would have lead to an Airy-type intensity distribution and hence to increased coupling loss. As a reference, we coupled the test focal field into an integrating sphere -the same devices that is subsequently used to measure the power coupled captured by the MCF cores. The extra Fresnel reflection loss of 0.16 dB from the plane MCF end was taken into account. The coupling efficiency of the test focal field into the fiber amounted to 73% (1.4 dB loss). The coupling loss can be partly attributed to Fresnel reflection at the freeform lens (4%, 0.2 dB) and partly to the mode-field mismatch of the test focus with 21 µm instead of the 26 µm used for the design (2%, 0.1 dB). The residual coupling loss of (21%, 1.1 dB) can be attributed to the imperfectly cleaved facet that leads to a slightly angled fabrication of the freeform-lens array. Simulation indicates that a tilt of 3° of the MCF facet normal with respect to the optical axis of the MCF leads to a coupling loss of 1 dB, which approximately corresponds to the measured loss. This can be avoided by a better cleaving procedure or by polished fiber facets as in fiber-arrays or physical-contact (PC) fiber connectors. To confirm the simulation of the position dependency of the signal coupled into the MCF, see Section 1.1, we show the position-resolved coupling efficiency in the inset of Fig.  1(a) . To avoid coupling of light into several fiber cores, we couple light into one of the outer cores and show the signal decay when moving the test focus away from the center core. We find fair agreement to the simulated data. The observed deviations are a consequence of the reduced MFD of 21 µm instead of the optimum 26 µm.
Demonstration as a tip/tilt sensor

Adaptive optics testbed
In order to assess the potential of the MCF-LA as a tip/tilt sensor, the sensitivity to beam displacement was tested. This was performed using an adaptive optics testbed configured in a similar way to that described in [16] , see Fig. 2 . The system is fed by two fibers. The first is a multimode fiber, coupled to a 633 nm laser for wavefront sensing by a Shack-Hartmann sensor. The second beam is emitted by a single-mode fiber (SMF) which carries light from a 1550 nm laser and is used to simulate the light of an AO system. Both fiber outputs are collimated and pass through an iris diaphragm located at the pupil plane of the beam expander. To allow the deformable mirror (DM) to have the correct spacing from the iris, the beam is re-collimated by two lenses with longer focal lengths. The light is reflected from a beamsplitter onto the DM. This allows to control tip, tilt and other low-order aberrations. At a dichroic mirror, the 663nm light is reflected to a Shack-Hartman sensor to monitor the shape of the DM. We thereby obtain a feedback signal that allows us to control the DM. The 1550 nm light is transmitted to the test section, where a beam splitter and a lens direct 10% of the light onto an infrared (IR) camera (Xenics-Xeva 1.7 320 InGaAs) while 90% of the light is focused to the surface of the 3D printed lenses. Fig. 2 . Schematic of the beam path used for testing the lens array attached to the multi-core fiber (MCF). The common input beam is shown in red (1550 nm from a single mode fiber, SMF) and blue (633 nm from a multimode fiber, MMF). The 633nm beam is used for feedback control of the deformable mirror while the 1550nm beam is focused onto the MCF lens-array (MCF-LA). The beam position is scanned using the deformable mirror that is operated with an optical feedback from the Shack-Hartmann sensor. The amount of light coupled into individual fiber cores of the MCF can be obtained by observing the rear facet of the MCF with an infrared (IR) camera. To monitor the beam quality, a reference beam (yellow) is split off from the main beam (red).
Use as a tip/tilt sensor
The MCF-LA was placed in the adaptive optics testbed, see Section 3.1. A simulated-annealing algorithm was performed [17] to initially adjust the DM for optimum coupling, and the DM was then used to scan the beam waist (see Fig. 2 ) across the 3D-printed lenses in order to ascertain the response. To this end, we imaged the end facet of the fiber with the infrared (IR) camera and calculated the optical power in each individual core. This power output is shown in Fig. 3 as a function of the test focus position. The position of the individual plots corresponds to the measured fiber core at the output facet. All plots are normalized to the maximum coupling of the central core. The color-coded intensities show that, as expected, the coupling is maximum when the beam waist is positioned at the center of the corresponding micro-lens. For example, the coupling for the central fiber is best when the beam waist is centered on this fiber. All the lenses show similar responses, with only minor deviations for the outer ones, which we attribute due to loss of image quality as the position of the test beam is scanned away from the axis of the center lens and to inaccuracies in the positioning of the deformable mirror. For application as a tip/tilt sensor, the center fiber can be connected to a spectrometer, while the other lenses generate a beam displacement-dependent error signal that can be used to compensate residual tip/tilt of the beam. We find that both the signal of the center core and the error signal is less sensitive to movement than simulated and indicated by lab-based measurements with a test focus, see Fig.  1(a) . This can be attributed to a beam waist, which was larger than the MFD of 26 µm the MCF-LA was designed for. This problem can be mitigated by improved annealing algorithms of the deformable mirror.
Measurements show a displacement of 10 µm, which corresponds to a decrease of the main signal coupling efficiency to the center core of less than 1 dB. Tilt can hence be detected, before there is a significant decay of light coupled into center core. The relatively large sensed area (red circle) over which light is coupled to the MCF, allows for detection of displacements of up to 65 µm from the center core, significantly simplifying the alignment of the MCF.
Summary and Outlook
We simulated, fabricated and characterized a micro-lens array attached to the facet of a multicore fiber. Our MCF-LA allows highly efficient coupling of a single Gaussian beam to individual single-mode fibers (SMFs) and provides an error signal that can be used as a feedback for an adaptive optics system. We show that small beam displacements create an easily detectable error signal. The maximum coupling efficiency was 73% (1.4 dB loss). Residual loss was due to an imperfect cleaving of the fiber, which can be corrected in future implementations. Compared to other mechanisms, our approach has the advantage that it allows for highly efficient coupling and sensing of the beam displacement relative to the micro-lens array without external components such as beam splitters. The tip/tilt sensor is located at the position of the coupling device itself, and non-common path aberrations or vibrations between sensing and coupling device can be avoided. Our MCF-LA can sense a beam displacement of up to 65 µm. By connecting our MCF to a commercially available MCF-to-SMF fan-out [14] , high speed detectors with SMF pigtails can be used.
Our demonstration also paves the path to innovative multichannel optical devices such as a new generation of integral field units (IFUs) with 100% fill-fraction and high coupling efficiency. Facet-attached lens arrays are not limited to coupling to single-mode devices. Using a suitable multimode multicore fiber, the concept could be used for devices similar to hexabundles [11] . Our next effort will concentrate on improvements of coupling efficiency, flexibility and ruggedness of the system in order to allow deployment as part of an astronomical instrument. To achieve this, we print lens arrays on standard commercial mountings, e.g., on a fiber coupling ferrule. This increases the flexibility and ruggedness of the system and allows an easy integration in an astronomical instrument. In addition, fabrication on a standard polished ferrule will automatically resolve issues with imperfectly cleaved fiber facets. 
